For decades, rods and cones were thought to be the only photoreceptors in the mammalian retina. However, a population of atypical photoreceptive retinal ganglion cells (RGCs) expresses the photopigment melanopsin and is intrinsically photosensitive (ipRGCs). These ipRGCs are crucial for relaying light information from the retina to the brain to control circadian photoentrainment, pupillary light reflex, and sleep. ipRGCs were initially described as a uniform population involved solely in signaling irradiance for non-image forming functions. Recent work, however, has uncovered that ipRGCs are unexpectedly diverse at the molecular, cellular and functional levels, and could even be involved in image formation. This review summarizes our current understanding of the diversity of ipRGCs and their various roles in modulating behavior.
Introduction
Light is an important regulator of physiology and behavior in animals, influencing a variety of non-image forming functions such as melatonin synthesis, daily activity rhythms, and sleep [1] . In mammals, eyes are absolutely required for photoreception [2, 3] and in humans light has additional effects on mood, concentration, and mental health [4] . For decades, rods and cones were thought to be the only photoreceptors in the retina. However, recently discovered retinal ganglion cells (RGCs) that express the photopigment melanopsin are themselves atypical photoreceptors [5, 6] . These intrinsically photosensitive RGCs (commonly known as ipRGCs) project to several brain nuclei that regulate non-image forming functions, such as the suprachiasmatic nucleus (SCN) to photoentrain circadian rhythms and the olivary pretectal nucleus (OPN) to control the pupillary light reflex (PLR) [6] [7] [8] [9] .
Initially, ipRGCs were thought to be a relatively uniform population of RGCs that can detect light levels (irradiance detectors) [5, 6] . Accumulating evidence indicates, however, that ipRGCs consist of several subtypes that are morphologically and physiologically distinct. These ipRGC subtypes contribute differently to non-image and imageforming behaviors. The purpose of this review is to discuss recent advances in our understanding of the morphological and molecular diversity of ipRGCs and their functional roles in light-evoked behaviors.
Discovery and function of ipRGCs
The retina is a highly organized structure, where the cell bodies of distinct neuronal types reside in well-defined nuclear layers and make synaptic connections in two distinct plexiform layers (Figure 1) . The classical photoreceptors, rods and cones, transform light energy into an electrical signal and convey information for both imageand non-image-forming visual functions through RGCs, the only neurons in the retina that send axonal projections to the brain. The classical view that rods and cones are the only photosensitive cells in the retina was challenged when it was discovered that blind individuals with degenerated rod and cone photoreceptors still show decreased melatonin production in response to light, despite having no conscious visual perception [2, 10] . Similarly, mice that lack rod and cone photoreceptors maintain photoentrainment and the pupillary light reflex [11] [12] [13] [14] . The fact that humans and mice retain light-responsive behaviors when rods and cones are lost implies that additional non-rod/ non-cone photoreceptors must exist in the mammalian retina [11, 13, 15] . The idea of other retinal cell types acting as photoreceptors was bolstered when the photopigment melanopsin (encoded by the gene Opn4), first identified from the dermal melanophores of Xenopus laevis [16], was subsequently localized to a small population of RGCs in the ganglion cell layer of the mammalian retina [15, 17] . Seminal work by Berson and colleagues in 2002 conclusively identified the elusive third class of retinal photoreceptors [5] . By retrogradely labeling SCN-projecting RGCs in the rat, they demonstrated that these cells are bona fide photoreceptors, with electrophysiological and spectral characteristics that match those observed behaviorally in measures of circadian photoentrainment [5] . Simultaneously, a study [6] utilized a genetic approach to incorporate the tau-lacZ reporter gene into the mouse melanopsin locus (Opn4 tau-lacZ ), which led to the expression of the taub-galactosidase (b-gal) fusion protein in melanopsinexpressing cells [6] . b-Gal, as revealed by X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) staining, was observed in approximately 700 of 30,000 RGCs (1-2% of RGC population). Double labeling with a melanopsin antibody revealed that this subset of RGCs had dendrites Review
